Introduction
Metal-organic frameworks (MOFs) are emerging as promising materials for facilitating redox reactions, including multi-e À / multi-H + transformations. Recent studies highlight the ability of the organic linkers or the metal ions at the MOF nodes to undergo 1 À e À oxidations 1-3 or reductions, [4] [5] [6] for the MOFs themselves to serve as conductive materials [6] [7] [8] [9] [10] [11] [12] or semiconductors, [13] [14] [15] [16] and for the MOFs to facilitate redox reactions that are pertinent to fuel cells and energy. 3, [17] [18] [19] [20] [21] [22] [23] MOFs are also already commercially available in Li-ion batteries. [24] [25] [26] [27] The diversity of these studies reaffirms the promise of using MOFs in a variety of redox systems. This underscores the importance of understanding how MOFs participate in these redox processes, as well as how the change in redox state impacts the stability and reactivity of the material.
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The well-known Ti-based MOF MIL-125 (ref. 30 ) (Ti 8 O 8 -(OH) 4 (bdc) 6 ) and its amino-substituted analogue NH 2 4 (bdc-NH 2 ) 6 ) have recently been thoroughly investigated for their photo-activity (bdc ¼ terephthalate); (bdc-NH 2 ¼ 2-amino-terephthalate). UV irradiation of a slurry of MIL-125 in benzyl alcohol results in oxidation of the alcohol to benzaldehyde and a color change from white to blue, due to the reduction of Ti(IV) to Ti(III). 30 It was suggested that this process reduces each MOF node (Ti 8 cluster) by a net H-atom (eqn (1)). Using a simple solution NMR assay for titrating Hatom equivalents in MOFs, we have shown that this is indeed the case. Intrigued by the stability of these MOFs to reduction, we have turned our attention to exploring the chemical reduction of MIL-125 and NH 2 -MIL-125. Here, we describe a simple method to quantify the reducing equivalents added to the MOFs, and establish the importance of coupling electron transfer with cation transfer. Model studies on soluble cluster analogues suggest a specic role for Na + in facilitating reduction. These fundamental studies provide new insights into the redox properties of MOFs, in particular the importance of internal charge balance.
in solution suggests that CrCp was ion-paired with the MIL-125. This represents the upperlimit for electron transfer to the MOF (batch 2, vide infra) in the absence of added Na + cations.
The effect of Na + on chemical reductions with CrCp
Added Na + has a strong effect on the extent of MIL-125 reduction by CrCp * 2 . Owing to its solubility, commercial availability, and stability of the counter anion, NaTFSI (TFSI ¼ bis(triuoromethane sulfonyl)imide) was used in these studies.
As mentioned above, addition of 3 equiv. of CrCp from $À6 ppm to $2 ppm, corresponding to CrCp * 2 oxidation (Fig. 2) . This suggests that reduction of MIL-125 is facilitated by and coupled to cation uptake, in this case, sodium, or sodium-coupled electron transfer (a version of 'metal-ion coupled electron transfer' coined by Nam and Fukuzumi for molecular reactions Hence, the extent of reduction is controlled by the amount of Na + , not the amount of reductant.
To probe the maximum amount that MIL-125 could be reduced with CrCp * 2 , excess NaTFSI was added to suspensions of MIL-125 with 6 equiv. of reductant. Fig. 3 shows the results of a titration: the extent of reduction versus the Na + equiv. added. (Fig. S8 †) , the structure of MIL-125 remains intact during reduction and aer reoxidation. As addition of Na + triggers reduction of MIL-125, we explored To elaborate on the role that the cation plays on reduction of the MOF, suspensions of MIL-125 with 2 equiv. of CoCp * 2 were titrated with 0-2 equiv. of NaBArF 24 in THF, following the procedure described above (Fig. 5) . In the presence of Na + , an immediate color change of the solids to dark purple is observed, concomitant with lightening of the solution due to conversion of CoCp Plotting the combined data (Fig. 5) shows that the ratio of e À added to MIL-125 to the number of Na + ions is close to 1 : 1. The EPR spectra of the 1, 2, and $8-electron reduced MOF were similar to that of the photoreduced MIL-125 (see ESI †). The rhombic signal broadens with increased extent of reduction, consistent with increased spin-spin interactions. Also, powder XRD patterns of the reduced materials indicate that the structure of MIL-125 is predominantly intact. Interestingly, upon reduction MIL-125's unit cell is found to slightly contract along it's c-axis, while featuring a small expansion in the ab-plane. At higher reduction levels, a few additional reections are observed. Through Pawley tting, these reections were found to be forbidden for MIL-125 (Fig. S9-S11 †) and may indicate some structural lability under reduction with CoCp (Fig. S8 †) . For all chemically reduced samples described above, exposure to air restores the white color of oxidized MIL-125.
Thus, as in the CrCp
To probe whether e À /Na + reduction occurred only at the surface or throughout the bulk of MIL-125, we examined chemical reductions using batches of the MOF that differed in their size and morphology. The smallest crystals (batch 2) were roughly spherical with a diameter of 85 AE 16.5 nm, and the largest (batch 3) were octahedral, with axes of 3650 AE 1350 nm. If reduction were limited to the surface Ti 8 clusters, then these two batches should have given different extents of reduction of MIL-125, measured as the number of e À per Ti 8 node in the entire sample. However, the extent of reduction does not depend on the crystal size ( Fig. 5 and 6 ). This shows that reduction is not dependent on external surface area, that it is occurring at all of the nodes throughout the MOF. Thus, the e À / Na + can migrate into the MOF pores. This conclusion is consistent with the very high level of reduction observed, 1-8e À per Ti 8 node throughout the bulk of the material. There are simply not enough Ti 8 clusters at the crystal surface to accept that many electrons, given the small ratio of surface to bulk for these sized crystals.
Soluble cluster analogues
To better understand the redox chemistry at a molecular level, soluble cluster analogues were prepared and studied. 16 (1) was prepared as described 36 and isolated as a white crystalline solid. Cluster 1 is comprised of eight roughly octahedral Ti(IV) centers arranged in a cyclic array, with each Ti linked to its neighbors by one oxo and two pivalate ( 16 makes it unsuitable for these studies.
Syntheses of one-electron reduced congeners of 1 are readily achieved by treatment of 1 with 1 equiv. of an appropriate reductant. Thus, stirring a THF solution of 1 over 1 equiv. of Na/ Hg for 6 hours results in a color change from white to blue and formation of 2-Na (eqn (3)). Addition of 1 equiv. of CoCp (eqn (4)). Both of these clusters have been thoroughly characterized (see ESI †), including by single-crystal X-ray diffraction (Fig. 6) . Treatment of either 2-Na or 2-CoCp average in the fully oxidized 1. These metrical parameters indicate that the added electron is mostly localized on Ti6 in the solid-state, near the Na + , but that the inuence of the added electron is clearly felt in the neighbouring octahedra. The addition of the Na + renders the ring more elliptical, with distances between titanium atoms that are across the ring varying by 0.584Å in 2-Na (vs. only 0.268Å in 1). The structure of 2-CoCp * 2 reveals no direct interaction between the anion and cation. In the cluster anion (Fig. 6  bottom) , a 4-fold axis renders pairs of Ti atoms equivalent about the core. Here too, the Ti-O distances alternate between long and short, though the metrical parameters clearly show that all Ti are equivalent; the electron is delocalized. Twinning and disorder in the CoCp 3 Nc + ]PF 6 . The integrals of the t Bu resonances were the same versus an internal standard before and aer oxidation, indicating that all t Bu groups are observed in the 1 H NMR spectrum of 2-Na. These results show that for both 2-Na and 2-CoCp * 2 , the added electron is delocalized around the ring on the NMR timescale in solution. For 2-Na in C 6 D 6 , where the Na + must be closely associated with the anionic Ti 8 O 8 ring, this requires that there be rapid migration of the Na + around the cluster ring. This contrasts with the localization of the Na(THF) 2 + unit in the solid-state, as discussed above.
Discussion
MIL-125 and NH 2 -MIL-125 have previously been shown to be redox-active, like other titanium-oxo containing MOFs.
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UV irradiation (or visible for the amino derivative) in the presence of an alcohol causes reduction of the MOF, as indicated by the blue colour of the reduced material. EPR spectroscopy suggests that the reduction is Ti-based. 5, 23, 30 We have recently shown that this reduction corresponds to a maximum of $2e The studies reported here provide a detailed look at the cation-coupled reduction of MIL-125 and NH 2 -MIL-125. Using organometallic, soluble reductants and Na + salts, and with the preparation of molecular versions of the reduced Ti 8 O 8 nodes, this work provides an unusually detailed and quantitative view of the reduction of a MOF.
A simple 1 H NMR assay to measure the redox stoichiometry in MOF redox reactions (M ¼ Cr, Co). This assay should be widely applicable to redox reactions of materials as long as the reagent has a well-dened and well-positioned redox couple that undergoes clean reactivity and whose components do not all adsorb strongly on or in the material. Though there are now quite a few examples of redox-active MOFs, the extent of oxidation/reduction is oen not quantied. (Fig. 4) 6 ).
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The structure of the molecular anion with a decamethylcobaltocenium anion, 2-CoCp *þ 2 , shows no close contacts between the anion and cation, and a more delocalized anion. The solid is an ionic solid, a 3D lattice of [ (Fig. 3) . Using CoCp * 2 , in contrast, allows the addition of $8 electrons per node (perhaps with a small amount of decay of the MOF). This suggests that (e À + Na + ) can be added into MIL-125 up to a certain concentration that is set by the thermodynamic reducing power of the reductant.
Conclusions
The 
